Introduction
The near and mid infrared range of optical spectrum (1500 -5000 nm) has attracted great attention over the last decades, mainly because of a numerous set of absorption / emission lines being "finger prints" of specific chemical and biological compounds (see e.g. (Sorokina & Vodopyanov, 2003) ). One of the most reliable techniques for stand alone detection and identification of such agents is laser spectroscopy, for which the coherent, highly monochromatic, tuneable laser sources are required. Research on mid infrared laser sources destined for long range detection is one of the most active areas of solid state photonics nowadays (see e.g. (Godard, 2007) (Mirov et al., 2007) etc.) (Schellhorn, et al., 2007) ). One of the necessary requirements for such application is high spatial coherence of laser output beam (parameter M 2 near 1). Among the most perspective types of lasers operating in a mid infrared range (above 2.2 μm-wavelength) are quantum cascade lasers, Cr 2+ :A II B VI lasers and optical parametric generators. For shorter wavelengths laser diodes and erbium (1600 -1700 nm), thulium (1800 -2000 nm), holmium (2050-2200 nm) solid state lasers realised in bulk/crystalline/ or fibre technology are available. The main properties differentiating such groups of lasers are peak power and pulse energy. It has to be pointed out, that for such a wavelength range, damage thresholds of optical elements are severely decreased, comparing to 1-μm wavelength, because of the presence of water vapour and OH groups, having a wide absorption peak just in this wavelength range. The physics of laser action in semiconductor lasers prohibits the high peak power and high energy operation. Moreover, the high CW power 1D or 2D laser diodes stacks characterise low spatial coherence and high beam volume, thus they can be used mainly as optical pumps for other lasers, e.g. holmium or erbium ones. For short infrared range (< 2 μm wavelength) the Tm or Ho-doped fibre lasers sources operating in a CW regime seem to be the most perspective choice (Gapontsev et al., 2007) (McComb et al., 2009 ). The pulsed operation of fibre lasers, with energies of tens to hundreds of microJoules, can be realized applying Q-switching technique (Eichhorn & Jackson, 2008) (Eichhorn & Jackson, 2009) or gain-switched method. The best result of 2-μm Q-switched Tm:fibre lasers from the point of view of pulse energy (0.6 mJ for 10 Hz of rep. rate) were obtained (Barnes & De Young, 2009 ). Mid infrared fibre lasers suffer from lack of good quality active glasses and problems with high peak power / high energy operation for longer wavelengths. However the promising result namely 10 W at 2.78-μm-wavelength has been demonstrated recently in the ZBLAN fibre laser (Zhu & Jain, 2007) . Solid state lasers based on bulk crystalline gain media offer much higher peak powers and pulse energies compared to fibre ones. For the shortest wavelengths (1600-1700 nm) the best configuration is an erbium doped crystalline laser pumped by erbium fibre laser or directly by laser diode (Setzler et al., 2005) (Kudryashov et al., 2009) , . For 1800-2000 nm wavelength range the thulium doped crystalline laser pumped by laser diodes seems to be the best option (Honea et al.,1997) (Budni et al., 2000) , (Dergachev et al., 2002) (So et al, 2006) , (Schellhorn, 2008) , (Schellhorn et al., 2009) . Intensive research has been devoted to thulium doped gain media (see e.g. (Huber et al.,1988) (Payne et al., 1992) (Lisiecki et al.,2006) ) and methods of Q-switching. Passive Q-switching by means of holmium or chromium doped saturable absorbers as well as special types of quantum dots structures (Gaponenko et al., 2008) were examined, however simple, active Q-switching by means of acousto-optic modulators seems to be the better choice because of matured technology, very low insertion losses and relatively high damage thresholds. The aim of this work was the theoretical analysis of such laser types and its experimental verification for one type of gain medium namely thulium doped yttrium, lithium fluoride (Tm:YLF). The following analysis can be applied to any quasi-three-level laser for which the lower laser levels are partly occupied at room temperature (see e.g. (Beach, 1996) (Bourdet, 2000 ) (Bourdet, 2001 ) (Lim & Izawa, 2002) ). Typical configuration of Tm 3+ lasers levels (see Fig. 1 ) consists of at least three manifolds : 3 H 6 -pumping and laser lower levels manifold, 3 H 4 -pumping, upper levels manifold and 3 F 4 -laser upper level manifold. The pumping process between 3 H 6 3 H 4. corresponds to wavelength ~ 790 nm which is avaiable for typical AlGaAs laser diodes. Excitation of upper laser levels 3 F 4 is a result of an efficent cross-relaxation process 3 H 4 + 3 H 6 2 x 3 F 4 . In the following analysis we assumed, that this twostage pumping process is characterised by the quantum efficiency equal to 2. Further, we will consider only relaxation/excitation processes (typical for quasi-III-level lasers) between two manifolds 3 H 6 -lower pump/laser manifold and 3 F 4 -upper pump/laser manifold. The analysis given in this paper will be followed by the model developed by (Bourdet, 2000) . Primarily, let us define processes of pumping between lower pumping level of number N p,lower -and the upper pumping level of number N p,upper (N p,lower N p,upper ) . Similarly, the laser transition has to be defined between the pair of levels N l,upper and N l,lower (N l,upper N l,lower ). It was assumed, that it is valid plane wave approximation and both pump and laser beams have the same radius W and area A m =A p =πW 2 /2. For such assumptions the analytical formulae describing the quasi-three-level laser can be derived (see details (Bourdet, 2000) ). The final expression for relative laser output intensity I las in dependence on incident relative pump intensity I p and cavity and gain medium parameters is the following:
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where: L -rod length, R m,l , R OC -rear and output mirror reflectivity at laser wavelength, R m,p -rod reflectivity at pump wavelength. The function Γ (corresponding to the transmission of pump beam for laser action) is given by:
where: 
Moreover, in contrast to the typical case of a four-level laser, the absorption efficiency is different in laser and non-laser conditions. As a result of laser transition the occupations of upper and lower laser level are "clamped" to those at threshold and are dependent only on coupling conditions, losses etc. For the case of laser action (above threshold) the absorption efficiency is given by:
As a rule, η abs,las is higher compared to non-laser conditions and does not depend on pump power. In the case of non-lasing conditions the main effect of the diminishing of absorption efficiency consists in saturated absorption. Therefore, the absorption efficiency can be defined in two alternative ways: 
where LambertW(z) denotes LambertW function (see e.g. (Barry et al, 2000) , (Grace, et al, 2001) , (Jabczyński et al, 2003) ) defined as follows: Below threshold absorption efficiency decreases with pump intensity. In a laser condition above threshold, absorption efficiency does not depend on pump power and it can even jump to higher values depending on output coupler reflectivity as was shown in Fig. 5 . In our case of an actively Q-switched laser the non-lasing condition has to be assumed during the pumping process.
Optimisation of laser parameters
Analysing the formula (1), it is quite easy to find the condition for the optimum length of gain medium. Please note, that the small signal gain (assuming R m,p = 0) can be defined as follows:
Thus, assuming constant I p , R oc , R m,p , N o and temperature, after differentiating (12) with respect to L, the final formula on optimal crystal length can be found: 
The example of calculation of optimal crystal length dependent on pump intensity is shown in Fig. 6 . Please note, that output power for a given pump intensity depends also on output coupler reflectivity and cavity losses. The typical characteristics of output power intensity vs. pump power intensity are shown in Fig. 7 . As was shown in Fig. 6 , 7, to obtain the higher output power with increased pump power density the gain medium length and out-coupling losses have to be increased. Please note that threshold pump power is also the function of gain medium length via reabsorption losses. In the process of optimisation of quasi-three-level laser parameters, the starting point is the available pump power. We have to find the best combination of pump area, output coupler transmission, gain medium length to obtain the maximum output power. Further, the cavity design (curvature of mirrors, distances) should satisfy the best mode matching condition i.e. the fundamental laser mode area has to be comparable to the pump area to minimize the aperture/absorption losses occurring in an un-pumped region. The above presented formulae can give only preliminary indications, all these rules have to be verified experimentally. It should be noted, that with increase in pump power density, the temperature of the rod increases, causing an increase in reabsorption losses and additional cavity losses as a result of stress induced aberrations. Thus, it is a trade of between requirements for efficient pumping and thermal limitations of a quasi-three-level laser. In practice, output power of such a laser is limited by thermo-optic effects and thermal fracture (see e.g. (So et al, 2006) ), so the proper choice of pump geometry, size and dopant level of gain medium is fundamental to mitigate these effects. 
The thermo-optic limitations of thulium lasers
For lasers operating in a free running regime the maximum pump power with respect to fracture limit is determined by the doping level and mechanical toughness of the crystal (see e.g. (Koechner, 1996) , (Chen, 1999) , (So et al, 2006) ). Much below fracture limit the operating parameters of any type of diode pumped lasers are governed by the temperature increase inside the gain medium. The temperature profile induced by absorption of a focused pumping beam inside the gain medium of a quasi-three-level laser manifests by means the following effects: -changes in absorption efficiency and available net inversion, -reabsorption losses due to temperature dependent occupations of lower laser level, -paraxial thermal lensing, -higher order thermal aberration, -stress induced birefringence and depolarisation losses -thermal fracture for higher heat loads. According to the model derived for end pumped lasers (Chen, 1999) the maximum absorbed pump power is given by:
where: η h -heat conversion efficiency, α abs -absorption coefficient, R T -thermal shock parameter defined, as follows:
where : σ max,fracture -fracture limit stress, E -Young's modulus, K c -thermal conductivity, α T -linear thermal expansion coefficient. Assuming top-hat distribution of the pump beam, maximum temperature increase on the z-distance on the axis of the laser rod is given by (Chen, 1999) 
where : a -rod radius, W p,0 -radius of pump beam in the waist, z w -waist distance to the rod facet, z p -Rayleigh range of pump beam, P abs -absorbed pump power. To obtain average temperature in the rod, ΔT max (z) has to be integrated along the rod. Maximal thermally induced stress inside the rod occurs on rod facet (z=0). Assuming a linear thermal elasticity model, the maximum stress can be estimated by the following formulae:
For top-hat heat source distribution inside the cylindrical rod we have a parabolic profile of temperature resulting in optical path difference of a parabolic shape. In the framework of a paraxial thermal lensing model, the thermo-optic optical power induced inside the rod is given by: 
where: β T -thermal lensing parameter, I h -heat power density defined as follows:
where: ν-Poisson's ration, A p -averaged pump area, n -refractive index, dn/dΤ − temperature dispersion of refractive index.
To help in the choice of a proper gain medium for the thulium laser, the mechanical and optical parameters of four Tm-doped media were collected in Table 1 . We have calculated the maximum stress and thermo-optical power vs. absorbed pump power for these 4 gain media (see Fig. 8, 9 respectively).
Model of actively Q-switched Tm laser 2.3.1 Degnan's analytical model
To analyse the regime of active, periodic Q-switching we can modify the classical models of Qswitching (see e.g. (Degnan, 1989) , (Koechner, 1996) , ). The model of rate equations for a quasi-three-level laser is defined by two functions: Φ -relative intensity of the laser field, and X -modified relative occupation (further called inversion) of the upper laser level:
where f l -relative occupation of the lower laser level defined by the formula (3). The set of rate equations consist of two first order differential equations with respect to relative time τ= ct/2L cav as follows:
where: L cav -length of cavity , τ rel,u =cτ u /2L cav -relative upper level lifetime, I p -relative pump density, 
The pumping process is periodic with a repetition rate of f rep =1/t rep . In pumping time t on ≈ t rep , losses of q-switch ρ qsw,high have to be sufficiently high to prevent laser oscillation. In a short interval of duration t off << t on , t rep the cavity losses are small and the pulse starts to build up. For the steady state (after a few initial pulses) the initial inversion X i before the pulse and final inversion X f tend to values defined only by pump density, cavity parameters and the repetition period. We can define threshold inversion for low losses of Q-switch as follows:
To obtain effective Q-switching, pump intensity and duration should be sufficiently high to achieve initial inversion X in a much higher value than X thr :
In pumping time the laser intensity disappears (Φ = 0) and the second equation can be solved analytically, assuming, that absorption efficiency does not change during pumping and other non-linear processes (up-conversion, amplified spontaneous emission) can be neglected. The formula for inversion is the following:
where: X ∞ -inversion achieved for time τ >>τ rel,u defined as follows:
X(0) = X f -inversion at the starting point of pumping corresponding to the final inversion after pulse generation. The examples of temporal dependence of inversion for different repetition rates are shown in Fig. 10 . 
Using (27), initial inversion can be written as: 
To determine the initial inversion including the cross-relaxation and up-conversion processes the more complicated model of a quasi-three-level laser (Rustad & Stenersen, 1996) can be used. The pulse duration, pulse energy, and peak power can be determined knowing the initial and final inversions. The conditions of optimisation of an actively Q-switched laser were found (Degnan, 1989) . Let us introduce the un-dimensional parameter z defined as follows:
The optimal reflectivity R OC,opt of the output coupler can be determined as follows:
where ρ pas -passive cavity losses defined as follows:
Let us notice, that R OC,opt depends on the pump density and repetition period. For optimal out-coupling losses the formulae on pulse duration t pulse , extraction efficiency η extr and output energy E out are the following:
where:
Such an elegant, simple analytical model can give mainly qualitative information about the properties of the Q-switched laser. It should be underlined the role of parameter z equal to the ratio of small signal gain to passive losses. The quality of laser output is proportional to parameter z which could be determined for any type of laser (including high repetition rate Q-switched fibre lasers as well). The short pulses and high peak powers, evidencing effective Q-switching, occur for z > 10.
However, comparing Degnan's analytical model with experiments, quite large differences can be found especially for high pumping rate and long repetition periods. It should be noted, that in this model all non-linear processes are neglected, whose role is growing with increase in inversion. Moreover, with an increase in heat load the several temperature dependent processes (thermally induced aberration, stress, lowering of gain etc.) significantly diminish the performance of the laser.
Numerical modelling of an actively Q-switched Tm:YLF laser.
Comparing results of theoretical analysis with experiments on the Q-switched Tm:YLF laser, it was found, that it is necessary to improve the model adding the thermo-optic and cavity effects. Therefore, we have developed a numerical model ) introducing additional losses γ add (T) occurring as a result of the absorption of laser mode wings on unpumped regions of a quasi-three-level medium. In the particular case of our oscillator, the laser scheme for "cold" cavity is nearly half confocal (g 1 =1, g 2 = 0.5) for vanished thermal lensing). With increase in negative thermal lensing (typical for Tm:YLF crystal) the mode size at the crystal increases until reaching the stability limit of the cavity (g 1 ~ 2 , g 2 =0.5). However, also, even out of stability range, the spatially limited mode is formed due to diffraction on the gain diaphragm induced by the pumping beam, which could be treated as a kind of "imaginary" lens (Grace, et al , 2001 ) (Jabczyński et al, 2003) . Such a laser mode has a "gaussian" like profile and much higher diffraction losses which depend (via temperature increase) on average pump power. To determine the maximal, average temperature in rod and thermal lensing power the analytical formulae (16), (18), (19) were applied. For calculation of the additional losses γ add (Τ) the numerical procedure proposed in (Jabczyński et al, 2003) was used. The results of the calculation of average temperature and pump dependent losses for two cases: quasi-CW pumping (duty factor 10% ) and CW pumping are shown in Fig. 11 The numerical procedure prepared for analysis of giant pulse formation was divided into two stages. In the first one, before switching off the high Q-switch losses, the internal flux vanishes and only the second equation is numerically solved. Moreover additional nonlinear effects causing a drop in inversion can be added. After switching off the Q-switch, the threshold condition is tested and the set of both equations is solved for the giant pulse evolution calculation.
The main difference in analysis of Q-switching in a quasi-three level laser (compared to the four level scheme) consists on the effect of temperature on the available parameters of the giant pulse. Because of the increase in temperature with pump power, the inversion and additional losses significantly influence on the available peak power and pulse duration (see Fig. 12-13 ). cw pumping duty cycle 10% Fig. 13 . Pulse duration vs. pump rate; CW pumping continuous curve, pumping duty cycle 10%-dashed curve.
The all above presented effects give the result, that giant pulse is generated for a considerable level of losses dependent on effective average heat power dissipated in the gain medium. Such effects were observed in experiments (see p.3.3 and p.3.4) and we have shown in Fig. 11-13 the results of simulation qualitatively explaining the experiment.
Experiments
Laser head scheme
We have designed the laser head of a diode pumped Tm:YLF laser shown in Fig. 14 destined for tuneable and Q-switched operation (Jabczyński, et al., 2007) ). The fibre coupled diode of 30-W output power emitting at a 0.792 μm wavelength was deployed as a pump source. The pump beam after passing through a reimaging optic (of 1.5 x magnification) forms inside the gain medium the caustics of waist diameter approximately 0.6 mm and induces a near 60 K increase in temperature for the maximum incident pump power of 26 W. The uncoated, with 3.5%. doping of thulium YLF rods of 8 and 10 mm size wrapped with indium foil were tested as gain media. The crystals were mounted in a copper heat-sink maintaining 293 K temperature of coolant. The diode wavelength was tuned via the control of thermo-electric cooler voltage to maximise the absorbed pump power, however not higher than 65% absorption efficiency for an 8-mm long rod and 80% for a 10-mm crystal were obtained in the best cases of CW pumping without lasing (see Fig. 15 ).
Free running and tunablity characterisation
As the output couplers we have used mirrors of a 0.3 and 0.5 m radii of curvature and 10%, 15%, 20% and 30% transmission at a 1.9-μm wavelength. The energetic characteristics in quasi-CW pumping in dependence on absorbed pump power were presented in Fig. 16 . Above 7-W power with nearly 30% slope efficiency with respect to incident pump power were demonstrated for the best case of quasi-CW pumping for a short, 70-mm resonator. Nearly 5 W were obtained for CW pumping in a short cavity and above 3 W for an elongated 220-mm cavity. The spectrum of generation was centred at 1908 nm with FWHM of approximately 6 nm (see Fig. 17 ) for the oscillator without deploying Lyot's filter. In the next step of experiments the cavity was elongated to 220 mm to deploy the Lyot's filter (consisting of 2 quartz plates of 0.92 and 1.84 mm thickness, respectively) and an active Q-switch. The experiments of tuning were carried out firstly in a free-running regime. The tuning range of 1845-1935 nm was demonstrated for 37 o -47 o angle of rotation with respect to the fast axis of quartz plates (see Fig. 18 ). The linewidth was less than 1 nm. For the Q-switching regime the contrast of a deployed birefringent filter was too low to prevent oscillation on the strongest 1908-nm line. In the last part of characterisation in a free-running regime, we have measured the beam profiles in far field in the focal plane of a 500-focal length lens. The divergence angle was about 4.3 mrad and an estimated parameter M 2 < 1.3 for high 20-W incident pump power.
Q-switching experiments for low duty cycle pumping
For Q-switching we have used a water cooled acousto-optic modulator made of 45-mm long fused silica, operating at a radio frequency of 40.7 MHz with a maximum power of 25 W. In fact, that was the largest element of laser head which determined its size. It was shown in separate experiments that for maximum RF power of the acousto-optic modulator the diffraction efficiency was higher than 80%, diffraction angle was about 7 mrad and the falling edge, i.e. switch off time was about 100 ns.
In the first part of the Q-switching experiments we have estimated the maximum available output energy in free-running for which the acousto-optic modulator can hold off oscillations for a switch on state of RF power. It should be noted that we have used a 220-mm long cavity with Lyot's filter inside introducing additional insertion losses. The laser output was horizontally polarized (perpendicularly to the c-axis of YLF crystal). Fig. 19 . Available output energy vs. incident pump energy in free running for the state of effective operation of the active Q-switch
As was shown in Fig. 19 , for the best case the output energy of 40 mJ (for incident pump energy of 400 mJ) was the upper limit of efficient operation of the Q-switch. However, the real limit of output energy was far lower, because of the damage threshold of the Tm:YLF crystal facet. It was shown, that the output energy above 10 mJ corresponding approximately to 1.5 -2 GW/cm 2 of intracavity power density constitutes the upper limit of available pulse energy for the safe operation in a Q-switching regime in the case of our laser head. Thus, we can conclude that a much smaller Q-switch without water cooling will be satisfactory for our purposes. The results of measurements of pulse duration and peak power for a low duty cycle of 10% (10 Hz of PRF and 10 ms pump duration) were shown in Fig. 20 . The shortest pulse of 22-ns duration (see Fig. 21 ) and 10.5 mJ energy corresponding to 0.45 MW of peak power were demonstrated for the best case of stable output below the risk of damages to laser elements. 
Q-switching experiments for CW pumping
For the CW pumping regime the maximum pump power was constituted due to the thermal lensing limit. Because of negative thermal dispersion of Tm:YLF the cavity achieves stability limit for nearly 20-W of incident pump power. The results of the Q-switching experiments were shown in Fig. 22 Table 2 . Results of Q-switching experiments; f rep -pulse repetition frequency, d.f. -duty cycle factor, P avg -average output power, E p -pulse energy, τ p -pulse duration, P p -peak power.
The comparable pulse energies of 10 mJ (last two rows of 
Conclusions
The analytical models of quasi-three-level lasers operating in free running and Q-switching regimes were presented. In both cases appropriate formulae enabling the optimization of such lasers were given and analysed. The numerical model of a quasi-three-level laser operating in a Q-switching regime including additional pump dependent losses, was elaborated to explain the properties of the developed actively Q-switched laser. The main difference in analysis of Q-switching in a quasi-three-level laser (compared to a four-level laser) consists of the effect of temperature on giant pulse parameters. Because of increase in temperature with pump power, the net inversion, additional reabsorption and diffraction losses significantly influence available pulse energy, peak power and pulse duration. The all above mentioned effects result in the fact, that giant pulse is generated for a considerable level of losses dependent on effective average heat power dissipated in the gain medium. The results of numerical modelling were confirmed in the experiments.
To compare models with experiments we have presented the results of investigations of an efficient Tm:YLF laser end-pumped by 30-W fiber coupled laser diode bar. The incident pump density exceeded above 5 times the saturation pump density, thus the drawbacks of the quasi-three-level scheme have been mitigated. We have obtained the best output characteristics (slope and maximum power) for out-coupling losses of 20% evidencing the high roundtrip gain for maximum pump power. Above 7-W of output power for incident 26-W pump power in free running regime was achieved in the best case for a short 70-mm cavity. Above 3 W of output power was demonstrated for CW pumping for an elongated 220-mm cavity. The divergence angle was about 4.3 mrad and estimated parameter M 2 < 1.3. To improve the output characteristics in a free running regime, the optimisation of pump size in the gain medium, application of a longer rod and optimised cavity design should be applied.
For the free-running and Q-switching regimes the output spectrum was centred at 1908-nm with linewidth less than 6 nm. For tuning the Lyot's filter consisting of 2 quartz plates was deployed. The tuning range of 1845-1935 nm with less than 1-nm linewidth was demonstrated for the free-running regime. For the Q-switching regime the contrast of a deployed birefringent filter was too low to prevent oscillation on the strongest 1908-nm linewidth.
In the experiments on active Q-switching by means of an acousto-optic modulator, up to 10-mJ output energy was demonstrated. Output energy was limited by damage of the laser elements. Nearly 0.5 MW peak power with pulse durations of 22 ns was achieved for a 10-Hz repetition rate with 10% duty cycle of the pumping regime. The 1.7-W of average power with 12 kW peak power and 1000 Hz repetition rate was demonstrated for the CW pumping regime. The developed laser could constitute the basis for development of the tunable, Qswitched laser source operating at a 2-μm wavelength. Moreover, it could be used as a pump source for Ho:YAG and Cr:ZnSe lasers operating in a gain switching regime for the longer ( > 2 μm) wavelengths.
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